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Gene silencingDNA methylation changes in repetitive elements (REs) are associated with the regulation of gene transcrip-
tion, embryonic development, differentiation and carcinogenesis. However, genome-wide analysis of DNA
methylation of human REs is lacking. Here, we performed genome-wide methylation analysis of REs in
nine repeat types in human embryonic stem cells (H1) and fetal ﬁbroblasts (IMR90), and found that the po-
tential for changes in the DNA methylation of REs was different among the nine repeat types and within dif-
ferent genomic regions. DNA methylation changes in the nine repeat types were related to the GC content
and CpG density of the sequence contexts. The differentially methylated REs and targeted genes of different
repeat types were associated with gene silencing in the transition from H1 to IMR90 cells. Our results suggest
that a quarter of REs are involved in the reprogramming of DNA methylation which may play important epi-
genetic roles during cellular differentiation.
© 2011 Elsevier Inc. All rights reserved.1. Introduction
In mammals, DNA methylation is known to be an important epige-
netic modiﬁcation. Methylation mostly occurs at the C-5 position of the
cytosine in CpG dinucleotides and plays important roles in gene activity,
genomic imprinting, transposon silencing, aging, embryonic develop-
ment, differentiation and carcinogenesis [1–4]. Human repetitive ele-
ments (REs) make up more than half of the human genome and
contain approximately 52% of all CpG dinucleotides in the human ge-
nome [5,6]. In adult cells, human REs are generally highly methylated
and this status is associated withmaintenance of chromosome structure
and genome integrity [7–9]. Hypomethylation of REs in cancer cell lines
is a common ﬁnding that can be regarded as a biomarker of human can-
cers and of cardiovascular disease [10–13]. The DNA methylation of REs
showed dynamic changes in a mouse germ cell lineage [14]. Therefore,
dynamic changes in the methylation status of CpGs in REs in different
cell lines and tissues are of signiﬁcant biological interest.
Because of technological limitations such as low resolution and se-
quence bias to the measurement of DNA methylation, previous stud-
ies of human DNA methylation have mainly focused on genomic
promoter regions, CpG islands or imprinted genes in different tissuesnology, China. Fax: +86 0451
rights reserved.and in differentiated cell types [15–18]. Therefore, a global analysis of
DNA methylation in REs in human embryonic stem cell development
has been insufﬁcient. Recently, however, second-generation sequenc-
ing technology has been widely used to measure genome-wide cyto-
sine methylation rather than the previously inherently or
intentionally biased analyses that focused on regions of high CpG
density [19]. Lister et al. combined next-generation sequencing tech-
nology with a sodium bisulﬁte pretreatment method to generate DNA
methylation data at single-base resolution in embryonic stem cells
and ﬁbroblasts [20]. The results of these studies have provided a
human single-based methylome that can be used to investigate the
genome-wide DNA methylation level of REs.
Recent studies have revealed that genome-wide dynamic DNA
methylation changes occur during cellular differentiation [20–22].
Human REs are composed of interspersed repeats and tandem repeats
that can be subdivided into nine different types of SINE (Short Inter-
spersed Elements), LINE (Long Interspersed Elements), LTR (Long Ter-
minal Repeats), DNA transposon, RNA repeat, SVA, Satellite, Simple
repeat and Low complexity according to their sequence features and ge-
nomic distributions [23,24]. Extensive studies have documented that
the hypomethylation of LINE-1, Alu (the most abundant SINE), LTR
and Satellite repeat is signiﬁcantly associated with tumor progression
in multiple cancers such as gastrointestinal stromal tumors, myeloma,
ependymomas and lung cancer [25–28]. Gehring et al. found that trans-
posable elements are extensively demethylated in the endospermduring
Arabidopsis development [28]. Therefore, systemic studies of the
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types might help elucidate the genetic and epigenetic mechanisms in
the different types of REs. In this study, we have systematically investi-
gated the relationship of sequence features, genomic distributions,
gene expression and DNA methylation in REs in the different repeat
types between H1 and IMR90 cells in an attempt to better understand
the epigenetic regulatory roles of DNAmethylation change in REs during
cellular differentiation.
2. Results and discussion
2.1. Genome-wide DNA methylation mapping of REs in different repeat
types
Human single-base resolution DNAmethylation data were used to
determine the DNAmethylation levels of human REs in H1 and IMR90
cells. To increase the accuracy of the DNA methylation level measure-
ments, only CpGs that were covered by at least ﬁve measured se-
quence reads in both cells were used. They comprised 96%
(14,093,043 CpGs) of the 14,747,823 annotated CpGs in the human
REs. The DNAmethylation levels of 3,172,338 annotated REs were de-
termined. The coverage ratios of the nine repeat types were computed
(Table 1). We found that ﬁve of the repeat types, SINE, LINE, LTR, DNA
transposon and RNA repeat, had high coverage ratios (>0.94) and
accounted for more than 96% of all the total annotated REs. SVA, Satel-
lite and Simple repeat types had middle coverage ratios (>0.73) and
the Low complexity repeat had the lowest coverage ratio (0.57) possi-
bly because of their short average lengthb100 bp. These results suggest
that the single-base DNAmethylation maps in H1 and IMR90 cells have
a high coverage ratio (0.96) for REs and that the maps could be used to
assess genome-wide DNA methylation levels of REs in the nine repeat
types in H1 and IMR90 cells.
2.2. The distribution of DNA methylation and sequence features in the
nine repeat types
2.2.1. The distribution of DNA methylation of nine repeat types between
H1 and IMR90 cells
To compare DNA methylation distributions of the nine repeat types
in the H1 and IMR90 cells, the methylation levels of the REs and non-
repetitive segments in control set Non-REs (described in Section 4.2)
in the different repeat types were calculated. Signiﬁcantly distinct dif-
ferences between both cell types were identiﬁed using the Wilcoxon
rank sum test (pb2.2e-16). As shown in Fig. 1, REs and non-repetitive
segments had consistently high methylation levels in H1 cells, but the
levels signiﬁcant decrease in IMR90 cells. This result indicates that a
portion of the REs and non-repetitive segments in the human genome
were demethylated in pluripotent cells compared to in differentiated
cells, consistent with the results of genome-wide reduced methylation
during cellular differentiation [18,20]. However, the differences inTable 1
Overlapping numbers of REs in the human genome in nine repeat types covered by single-
Repeat types Total number Overlapping number (ratioa)
SINE 1,426,563 1,385,075 (0.97)
LINE 947,779 917,833 (0.97)
LTR 530,763 511,628 (0.96)
DNA transposon 273,586 265,864 (0.97)
RNA repeat 7037 6636 (0.94)
SVA 3520 2970 (0.84)
Satellite 7813 5735 (0.73)
Simple repeat 76,892 56,285 (0.73)
Low complexity 35,625 20,312 (0.57)
a The ratio of the number of REs covered by single-base resolution DNA methylation datDNAmethylation distribution in the nine repeat types were distinct be-
tween H1 and IMR90 cells. Compared with non-repetitive segments in
Non-REs, the DNA methylation level of REs in SINE, RNA repeat and
SVA repeat types showed small differences between H1 and IMR90
cells, while ones in LINE, LTR, Satellite and Low complexity showed
large differences (Fig. 1). These results suggest that the demethylation
pattern in REs and non-repetitive segments is common. However, we
found thatmethylation differences in the nine repeat types were incon-
sistent during cellular differentiation.2.2.2. Relationships of DNAmethylation level, length, GC content and CpG
density in the nine repeat types
Extensive studies have shown that theDNAmethylation status of re-
gions of interest such as CpG islands and gene promoters is associated
with the DNA sequence features, for example, regions with high GC
contents and CpG density tend to be have a low methylation status
[29,30]. Edwards et al. have shown that the methylation patterns of
REs are associated with CpG density in human and mouse breast and
brain tissues [31]. To investigate the relationships between DNA meth-
ylation and sequence features of the REs in different repeat types be-
tween H1 and IMR90 cells, we calculated the length, GC content and
CpG density of the REs in the nine repeat types; the basic statistics are
shown in Table 1. The distribution of length and CpG density in the
nine repeat types differs signiﬁcantly. The average lengths of the Satel-
lite and SVA repeats were the longest (over 1100 bp), and LINE and LTR
were around 500 bp. DNA transposon and SINE were less than 300 bp
and RNA repeat, Simple repeat and Low complexity repeat were only
about 100 bp long. The distribution of CpG density reversed this
trend; LINE, LTR and DNA transposon had low average CpG density
(b0.011), SINE, RNA repeat, Satellite were in the middle at around
0.02, and Simple repeat and Low complexity had high average CpGden-
sity (>0.046). This result suggests that the CpG density of the repeat
types may be negatively associated with their length. Compared with
the observed differences in length and CpG density in the nine repeat
types, we found only relatively small differences in the GC content.
The GC content was positively associated with CpG density and nega-
tively related to the length of the REs in all the repeat types except
SVA. REs in SVA have long average length, high GC content and CpG
density and are the youngest active human retrotransposon.
By combining these results with the distribution of DNA methyla-
tion in the nine repeat types in the H1 and IMR90 cells, we observed
that LINE, LTR and Satellite repeats had larger differences in DNA
methylation distributions, and they had longer lengths and lower
GC content and lower CpG density than in other repeat types. In con-
trast, SINE, RNA repeat and SVA that had higher GC content and CpG
density than the other repeat types displayed smaller differences in
DNA methylation distributions (Table 1 and Fig. 1). However, the
Simple repeat that also had larger differences in DNA methylation
distributions had short lengths and high GC content and CpG density,
which have the opposite sequence features to those of LINE, LTR andbase resolution DNA methylation data and sequence features.
Mean length±SD Mean GC content±SD Mean CpG density±SD
244±76 0.50±0.06 0.021±0.014
578±821 0.38±0.07 0.009±0.007
443±453 0.44±0.06 0.010±0.008
272±285 0.40±0.08 0.011±0.008
116±99 0.48±0.071 0.028±0.023
1139±544 0.63±0.08 0.051±0.017
1540±4229 0.45±0.10 0.019±0.019
106±111 0.48±0.18 0.047±0.051
91±81 0.70±0.23 0.100±0.099
a divided by the total number of REs in the corresponding repeat type.
Fig. 1. Comparison of DNAmethylation distributions of REs in the nine repeat types and
non-repetitive segments in Non-REs in H1 cells and IMR90 cells. Box plots show the
genome-wide methylation distribution of REs in nine repeat types and non-repetitive
segments in Non-REs in H1 cells and IMR90 cells. The Non-REs are a set of 2,061,317
non-repetitive segments. The horizontal black lines within the boxes represent themedian,
the lower and upper limits of the box represent the 25th and 75th percentiles, respectively
and the lower and upper horizontal lines represent the 10th and 90th percentiles.
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of REs in both cells might be associated with the speciﬁc sequence
features of the repeat types. However, what role these sequence fea-
tures play in determining the methylation changes in the different RE
repeat types remains largely unknown.
Next, we compared the distributions of DNA methylation levels
with the GC content, CpG density and lengths of the REs in nine re-
peat types and non-repetitive segments in Non-REs. We observed
that the methylation levels of REs in RNA repeat, Simple repeat and
Low complexity and non-repetitive segments in Non-REs markedly
decreased as GC content increased (>0.60) in both cell types
(Fig. 2A). Similarly, the methylation levels in REs in RNA repeat, Sim-
ple repeat, Low complexity and non-repetitive segments in Non-REs
show also signiﬁcantly decreased as the CpG density increased
(>0.05) in both cell types (Fig. 2B). However, the methylation levels
of REs in the other repeat types showed no signiﬁcant change even in
regions with high GC content and CpG density. These ﬁndings suggest
that high GC content and CpG density of REs in three of the repeat
types might hinder the DNA methylation of these REs in both H1
and IMR90 cells and this is consistent with earlier studies that used
genomic sequence features to identify CpG islands [4,32]. Conversely,
in the other repeat types, DNA methylation levels of REs in other re-
peat types were high even in regions with high GC content and CpG
density in both cell types. In addition, we observed that the DNA
methylation levels of REs in the nine repeat types and non-
repetitive segments in Non-REs did not signiﬁcantly change as their
length increased (see Supplementary ﬁle 1), suggesting that the DNA
methylation of REs for all repeat types may not be directly related to
their lengths. In conclusion, the low methylation level of REs in three of
the repeat types was associated with high GC content and CpG density
in both cell types, yet, in the remaining repeat types, REs maintained a
high methylation level even in regions even in high GC content and
CpG density.
Interestingly, we found common sequence features in all repeat
types and Non-REs that were related to DNA methylation differences
in H1 cells and IMR90 cells. The methylation difference between the
both cells becomes smaller with the increase of GC content and CpG
density. That is, the differentially methylated REs in different repeattypes are general in low CpG density (b0.02), and intermediate GC
content (between 0.2 and 0.4). Conversely, we found DNA methyla-
tion of REs in between both cells have small difference after high GC
content (>0.60) CpG density (>0.05). Recent studies have documen-
ted that methylation changes in tissue-speciﬁc differentiation and
cancer-speciﬁc cell lines are associated with CpG islands shores that
are general in lower GC content and CpG density than CpG islands
[33,34]. Our results indicate that dynamic DNA methylation repro-
gramming of REs tends to be in intermediate GC content and low
CpG density, while DNA methylation of REs with high GC content
and CpG density could be often conserved during differentiation of
embryonic stem cells.
2.3. Genomic distributions and change potentials of REs in nine repeat
types
To quantitatively evaluate dynamic DNA methylation changes in
the nine repeat types between H1 and IMR90 cells, 754,956 DMREs
comprising about 24% of the total REs were identiﬁed using a quanti-
tative method (QDMR) for the identiﬁcation of differentially methyl-
ated regions (detail in Section 4.5 of Materials and methods) [35]. We
also calculated the probability of DNA methylation change (PDMC)
for each repeat type, where the PDMC was equal to the ratio of the
number of DMREs to total number of REs in the repeat types
(Fig. 3A). We found that Satellite, LINE, LTR and DNA transposon
had high PDMCs suggesting that they are prone to DNA methylation
change. RNA repeat, Simple repeat and Low complexity had middle
PDMCs, and SINE and SVA had low PDMCs (Fig. 3), suggesting that
SINE and SVAmay be conserved speciﬁcally for DNAmethylation dur-
ing cellular differentiation.
Previous studies have shown that differentially methylated re-
gions among different tissues and cell types are associated with
their genomic locations [35,36]. The DMREs in the nine repeat types
were mapped to the annotated promoter regions, coding exons, in-
trons, TTS regions and intergenic regions of the human genome
(Table 2). The RE in each of the nine repeat types was only assigned
to one of ﬁve locations if at least 50% of its DNA sequence was in
that genomic region. We found that the DMREs of the nine repeat
types mainly located in introns and intergenic regions and were sig-
niﬁcantly absent in coding exons. This result indicated that the
DMREs in the nine repeat types were enriched in non-coding geno-
mic regions. The genomic distributions of all REs in nine repeat
types are shown in Supplementary ﬁle 2. To assess the dynamic
change potentials of different repeat types in different genomic re-
gions, the PDMCs of REs in nine repeat types were computed, which
can remove the impact of genomic distributions of repeat types (see
Fig. 3). We found that the REs of the nine repeat types in intergenic
regions had signiﬁcantly higher PDMCs than in other genomic re-
gions, suggesting that the DNA methylation status of REs could be
more unstable in intergenic regions. In the other genomic regions,
we found that the PDMCs of SINE and LINE varied in the different ge-
nomic regions. SINE had a high PDMC (0.15) in coding exons and a
low PDMC (b0.09) in promoter regions, introns and TTS regions. Con-
versely, LINE had a low PDMC (0.07) in coding exons and a high
PDMC (>0.16) in the three other genomic regions (see Fig. 3B).
These results indicate that the change potential of DNA methylation
is signiﬁcantly different in the interspersed repeated elements and
in long interspersed repeat elements and that this difference is relat-
ed to their targeted genomic regions. LTR and DNA transposon had
similar PDMCs in the different genomic regions, suggesting that the
methylation pattern of REs in LTR and DNA transposon are consistent.
The PDMCs of Low complexity in promoter regions were signiﬁcantly
lower (only 0.05) than in other genomic regions (>0.14), suggesting
that DNA methylation of Low complexity in promoter regions is con-
served during cellular differentiation. In summary, the different re-
peat types of REs have speciﬁc PDMCs in different genomic regions
Fig. 2. Relationship between DNA methylation levels and sequence features of REs in the different repeat types and non-repetitive segments in Non-REs. (A) Relationship between
DNA methylation levels and GC content. (B) Relationship between DNA methylation levels and CpG density. The red lines represent H1 cells and the blue lines represent in IMR90
cells.
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repetitive sequence-dependent hypomethylation regulation.
2.4. Gene expression of targeted genes of DMREs in the nine repeat types
To examine the subtle relationship between the DMREs of the nine
repeat types and gene expression in the undifferentiated H1 cells and
differentiated IMR90 cells, we extracted the targeted genes of the
DMREs in each repeat type. The targeted genes of each repeat type
are those for which at least one DMRE of the corresponding repeat
type was located either in their promoter regions, introns, coding
exons or TTS regions. The basic statistics of methylation pattern
change and the targeted genes of the DMREs in the nine repeat
types are shown in Table 3. We extracted a total of 91,916 DMREs
for the nine repeat types that were located in one of the four genomic
regions (promoter regions, coding exons, introns, or TTS regions) of
5818 targeted genes. We found that nearly all DMREs (96.4%) and
93.1% of the DMREs located in introns of targeted genes were
demethylated in IMR90 cells compared to methylated in H1 cells
(Tables 2 and 3). This result suggests that DMREs are associated
with genes that are mainly located in the main body of the gene
and they are down-regulation in IMR90 cells compared with H1
cells. To investigate the demethylation pattern of DMREs in the regu-
lation of gene expression, we compared the gene expression of the
targeted genes for the nine repeat types and for a control set ofNon-DMREs in H1 and IMR90 cells. The genes without DMREs that
remained were regarded as the Non-DMREs gene set. The number
of reads per kilobase of transcript per million reads (RPKM) as used
by Lister et al. [20] was regarded as the gene expression level of the
targeted genes in H1 and IMR90 cells. As shown in Fig. 4A, we
found that the expression of the targeted genes of the DMREs in the
nine repeat types was less than half the expression of the genes of
the Non-DMREs in both cell types, and the expression of the targeted
genes of the DMREs in the nine repeat types decreased signiﬁcantly
from H1 to IMR90 cells compared with the gene expression of the
Non-DMREs. Thus, the demethylation of REs in the gene body could
be associated with the down-regulation of the expression of the tar-
geted genes.
In addition, we found that the DMREs in many genes were from
different repeat types, indicating that the subtle regulation of tar-
geted gene expression could be associated with the different repeat
types of DMREs. The targeted genes were classiﬁed according to the
number of repeat types of DMREs located in the genes and the basic
statistics for each targeted gene are shown in Supplementary ﬁle 3.
We found that only one third of the targeted genes were targeted
by a speciﬁc repeat type (see Supplementary ﬁle 4), indicating that
the methylation pattern of the targeted gene might commonly be reg-
ulated by different repeat types of DMREs. To investigate gene ex-
pression regulated by multiple repeat types, we compared the
distribution of targeted gene expression for different numbers of
Fig. 3. DNA methylation changes of REs in nine repeat types. (A) Probability of DNA
methylation changes of REs in nine repeat types. (B) Probabilities of DNA methylation
changes of REs in ﬁve genomic regions of the nine repeat types. The probability of DNA
methylation changes for each repeat type in the ﬁve genomic regions is equal to the
ratio of the number of DMREs divided by total number of REs in the repeat type in
the different genomic regions.
Table 3
Basic statistics of the changes in DNA methylation patterns and the number of targeted
genes of the DMREs in nine repeat types in the transition from H1 to IMR90 cells.
No. of
DMREs
No. and ratio of de
novo methylationa
No. and ratio of
demethylationa
No. of targeted
genes
SINE 28,860 1294 (0.045) 27,566 (0.955) 4048
LINE 33,691 843 (0.025) 32,848 (0.975) 3830
LTR 14,972 447 (0.030) 14,525 (0.970) 2109
DNA transposon 11,047 365 (0.033) 10,682 (0.967) 2474
RNA repeat 160 8 (0.05) 152 (0.95) 115
SVA 8 1 (0.125) 7 (0.875) 7
Satellite 54 1 (0.019) 53 (0.981) 21
Simple repeat 2177 241 (0.111) 1936 (0.899) 1051
Low complexity 947 148 (0.156) 799 (0.844) 590
a represents the number and ratio of de novo methylation of DMREs and demethylation
DMREs in human four genomic regions of promoter regions, coding exons, introns and TSS
regions.
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ence of targeted gene expression by less than four of the repeat types
was small between H1 and IMR90 cells, although their targeted gene
expression level was lower than the gene expression in Non-DMREs.
The expression of the targeted gene by four or more of the repeat
types signiﬁcantly decreased from H1 to IMR90 cells. We inferred
that the dynamic changes in targeted gene expression might be asso-
ciated with the number of repeat types present in the gene; the more
the number repeat types, the larger the difference of the gene expres-
sion between H1 and IMR90 cells.
To further explore the relationship between the function of the tar-
geted gene and DMREs in the nine repeat types, we performedTable 2
The distributions of DMREs in nine repeat types in ﬁve genomic regions.
Promoter
regions
Coding
exons
Introns TTS
regions
Intergenic
regions
SINE 1201 5 26,516 1138 161,418
LINE 929 4 31,865 893 253,737
LTR 465 4 13,917 586 166,255
DNA transposon 272 0 10,385 390 62,918
RNA repeat 16 0 136 8 1092
SVA 1 0 7 0 75
Satellite 12 0 36 6 2103
Simple repeat 103 31 1927 116 11,037
Low complexity 56 46 799 46 4408enrichment analyses of the speciﬁc gene ontology biological process
categories for the 244 most signiﬁcant genes targeted by at least six re-
peat types. As shown in Table 4, the targeted genes of DMREs were
closely involved in regulation of multiple biological processes such as
synaptic transmission, cell–cell signaling, system process, nucleotide
biosynthetic process and metabolism process. These results suggest
that these targeted genes might play important regulatory roles in the
process of cellular differentiation. For example, Gore et al. recentlyFig. 4. Comparison of the RPKM of targeted genes in nine repeat types. (A) Targeted
gene expression of DMREs in nine repeat types and in Non-DMREs in H1 cells and
IMR90 cells. (B) Relationship between targeted gene expression and the number of re-
peat types for which the DMREs target the corresponding genes. RPKM is the reads of
the gene per kilobase of transcript of mRNA per million reads. Non-DMREs are the con-
trol set of gene without targeting by DMRES. The horizontal black lines within the
boxes represent the median, lower and upper limits of the box represents the 25th
and 75th percentiles respectively, and the lower and upper horizontal lines represent
the 10th and 90th percentiles.
Table 4
Gene ontology annotation analysis for the 244 most signiﬁcant genes targeted by at
least six repeat types.
Terms No. of
genes
Fold p-Value
Synaptic transmission 57 13 4.27E-43
Transmission of nerve impulse 58 11 1.35E-40
Cell–cell signaling 69 8 4.67E-39
Regulation of system process 50 11 5.35E-34
Behavior 46 7 1.56E-21
Oxidation reduction 50 5.7 1.78E-19
Response to alkaloid 20 25 3.09E-19
Chemical homeostasis 45 6 2.84E-19
Adult behavior 23 18 3.34E-19
Ion homeostasis 40 7 1.34E-18
Regulation of neurological system process 27 12 3.38E-18
Cellular ion homeostasis 37 7 2.96E-17
Blood circulation 28 107 3.43E-17
Circulatory system process 28 107 3.43E-17
Cellular chemical homeostasis 37 6 4.42E-17
Regulation of blood pressure 22 15 1.35E-16
Regulation of transmission of nerve impulse 25 11 1.92E-16
Cellular homeostasis 38 5 3.83E-15
Regulation of membrane potential 23 11 4.19E-15
Regulation of synaptic transmission 23 11 1.07E-14
Response to organic cyclic substance 22 12 1.02E-14
Regulation of secretion 26 9 1.89E-14
Regulation of nucleotide biosynthetic process 20 12 2.09E-13
Regulation of cyclic nucleotide biosynthetic process 20 12 2.09E-13
Learning or memory 20 12 2.37E-13
Regulation of adenylate cyclase activity 19 13 2.37E-13
Regulation of cyclic nucleotide metabolic process 20 12 3.01E-13
Regulation of cyclase activity 19 13 3.83E-13
Regulation of nucleotide metabolic process 20 11 4.76E-13
Learning 16 18 4.69E-13
Regulation of cAMP biosynthetic process 19 13 5.05E-13
Regulation of lyase activity 19 13 5.05E-13
Second-messenger-mediated signaling 26 7 6.68E-13
Regulation of cAMP metabolic process 19 12 6.83E-13
Positive regulation of multicellular organismal process 26 7 1.52E-12
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ellite) is associated with stem cell development [37].
Previous studies have shown that de novo methylation of a part of
the CpG islands in gene promoter regions is associated with gene si-
lencing during cellular differentiation [30], whereas the high DNA
methylation of the gene body and TTS regions is consistently ob-
served in the highly expressed genes in the Arabidopsis and human
genomes [36,38]. These results suggest that the DNAmethylation pat-
terns in different genomic regions might play opposite roles in gene
transcription. Our results show that nearly all DMREs are located in
genomic introns and intergenic regions and they are demethylated
from H1 and IMR90 cells (Tables 2 and 3). We also found that many
of the targeted genes with multiple DMREs from different repeat
types show signiﬁcant down-regulation of gene expression from H1
to IMR90 cells. These results suggested that gene expression could
be co-regulated by methylation changes in the multiple repeat
types. The demethylation of DMREs of different repeat types in the
gene body (especial in the introns) might play an important role in
the down-regulation of targeted gene expression during cellular dif-
ferentiation and this result is consistent with of the report that gene
body methylation is positively correlated with gene transcription
[36]. We inferred that the function of the high methylation of REs in
the gene body is to maintain stable chromatin structures and to im-
prove transcriptional accessibility in transcribed regions of the ge-
nome [19,39], while the demethylation pattern of some of the REs
in the gene bodies might repress targeted gene transcription during
progressive stages of differentiation.
Many studies have shown that tissue-speciﬁc or stage-speciﬁc
changes in DNA methylation patterns are associated with differentialgene expression during cell differentiation [21,40–42]. These results
indicate that DNAmethylation changes could be dependent on differ-
ent stages of differentiated cells. In the present study, because of the
limited availability of whole-genome DNA methylome at single-base
resolution, we compared only the DNA methylation changes of REs
in human embryonic stem cells and fetal ﬁbroblasts. With the fast de-
velopment of next-generation bisulﬁte sequencing technology, the
cost of measuring DNA methylation will signiﬁcantly reduce and
more methylomes for different stages of cellular differentiation will
become available in the future. This data will provide a powerful
framework for the identiﬁcation and systemic analysis of the stage-
speciﬁc DMREs and their targeted genes that will further reveal the
epigenetic regulatory mechanism of dynamic methylation changes
of REs from embryonic stem cells to other differentiated cells during
development.
3. Conclusions
In this study, we present a genome-wide comparative study of dy-
namic DNAmethylation changes of REs in nine repeat types in H1 and
IMR90 cells with the high depth and breadth of genomic coverage
provided by single-base methylation data. The distribution of DNA
methylation in the REs of nine repeat types showed a signiﬁcantly de-
creased trend from H1 cells to IMR90 cells, yet the potential for meth-
ylation changes in the REs was different among the nine repeat types
and within ﬁve different genomic regions. The low methylation level
of some of the REs in RNA repeat, Simple repeat, Low complexity was
associated with high GC content and CpG density. The REs with low
CpG density and intermediate GC content showed larger differences
in DNA methylation. Approximately one-quarter of the REs that
were enriched in introns and intergenic regions showed dynamic
methylation changes between H1 cells and IMR90 cells. The demeth-
ylation pattern of DMREs in targeted genes might be associated with
gene silencing during cellular differentiation. Our study provides a
comprehensive analysis for uncovering dynamic DNA methylation
changes in REs and will help in further exploring epigenetic regulato-
ry mechanism of REs during human cellular differentiation.
4. Materials and methods
4.1. Human DNA sequencing and annotations
The human reference genome sequence (NCBI Build 36.1\UCSC
hg18) and the UCSC genes were downloaded using the UCSC Genome
Browser [43]. To avoid the genomic locations of annotated genes that
overlapped, we selected the 10,771 longest open reading frames of
the multiple transcripts and used them as the gene set of the
human genome. The human genome can be divided into ﬁve genomic
categories, promoter regions, coding exons, introns, TTS regions and
intergenic regions, which do not overlap with each other. Promoter
regions were deﬁned from 2 kb upstream of the transcription start
sites to the end of the 5′UTRs, TTS regions were deﬁned from the
start of the 3′UTRs to 2 kb downstream of the transcription terminate
sites, and intergenic regions were the regions that remained after the
other four categories were deﬁned.
4.2. Human genome-wide repetitive elements, repeat types and non-
repetitive segments
Repetitive elements in the human reference sequence (hg 18)
were identiﬁed using RepeatMasker [23], and 3,172,338 annotated
REs that included at least one CpG dinucleotide were extracted.
These REs were classiﬁed into the nine repeat types described in
Section 1 above, SINE, LINE, LTR, DNA transposon, RNA repeat, SVA,
Satellite and Simple repeats and Low complexity [23]. In addition,
by ﬁltering out the REs from human reference genomes, we obtained
16 J. Su et al. / Genomics 99 (2012) 10–172,061,317 non-repetitive segments that included at least one CpG di-
nucleotide. This set of non-repetitive segments (Non-REs) was used
as the control set.
4.3. Single-based resolution DNA methylation and gene expression data
The genome-wide single-base DNAmethylation proﬁles andmRNA-
Seq libraries of human embryonic stem cells and fetal ﬁbroblasts were
downloaded from http://neomorph.salk.edu/human_methylome/ [20].
The DNA methylation map of each cell type covers approximately 90%
of complete human genome and 94% of cytosines by at least one se-
quence read. They hitherto are ones of the most precise and detailed
human methylomes based on MethylC-Seq technique. RPKM of the
gene is equal to reads per kilobase of transcript permillion read as com-
puted by Lister et al. [20]. The RPKM values of 8391 genes are obtained
in the both cells from 10,771 genes as mentioned above.
4.4. Methylation level and sequence features of repetitive elements and
non-repetitive segments
To investigate the DNA methylation levels and sequence features of
CpGs in REs and non-repetitive segments, we calculated methylation
levels and sequence features including length, GC content and CpG den-
sity. The methylation level of each CpG was deﬁned as,
M CpGð Þ ¼ reads mCpGð Þ
reads CpGð Þ ð1Þ
where reads(mCpG) represents the sum of methylated reads at the CpG
dinucleotide in the sense and antisense strands and reads(CpG) repre-
sents the sumofmethylated andunmethylated reads at the CpGdinucle-
otide in the sense and antisense strands. Themethylation level of eachRE
and non-RE segment (s) was deﬁned as,
M sð Þ ¼ 1
n
Xn
i¼1
M CpGið Þ ð2Þ
wheren represents the number of CpGs in the RE or non-RE segment and
M(CpGi) is the methylation level of the ith CpG in the RE or non-RE seg-
ment calculated using formula (1).
The three sequence features (length, GC content and CpG density)
of REs and non-repetitive segments (s) were deﬁned as,
Content sð Þ ¼ Num Cð Þ þ Num Gð Þ
Length sð Þ ð3Þ
Density sð Þ ¼ Num CpGð Þ
Length sð Þ ð4Þ
where Num(C), Num(G) and Num(CpG) are the number of C, G and
CpG nucleotides in segment s, respectively. Length(s) is the length
(in bp) of the RE or non-RE segments.
4.5. Identiﬁcation of DMREs using a QDMR approach
To identify differentially methylated repetitive elements (DMREs)
between H1 cells and IMR90s cells, a quantitative method (QDMR) for
identiﬁcation of differentiallymethylated regions amongmultiple sam-
ples was used to identify DMREs between the two cells. QDMR is avail-
able at http://bioinfo.hrbmu.edu.cn/qdmr. For each RE, the methylation
difference between the two cellular types is represented by entropy,
that is, the lower the entropy, the larger the DNA methylation differ-
ence. Based on the quantiﬁed methylation difference, DMREs were
identiﬁed using the entropy threshold (1.50) computed by QDMR for
the two sample dataset.4.6. Gene ontology annotation analysis for targeted genes of DMREs
We analyzed the gene ontology annotations of the DMRE genes in
the nine repeat types for their enriched biological process using the
functional annotation tools available on the DAVID Bioinformatics Re-
sources 6.7 website [44]. We used the human NCBI gene list as the ref-
erence genome. The P-value for signiﬁcance was set at E-10 and was
calculated using a modiﬁed Fisher's exact test which was adjusted for
multiple hypotheses testing in gene ontology analysis.
Supplementary materials related to this article can be found on-
line at doi:10.1016/j.ygeno.2011.10.004.
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